1. Introduction {#sec1}
===============

The secure access to natural resources, both abiotic and biotic, provided by the Earth, i.e. metals, mineral, wood, water, air, and soil, is the basis for human life and socio-economic well-being. In fact, natural resources have direct or indirect functions for humans both representing a building block in the supply chains as material inputs, thus enhancing the economic growth, and being fundamental for the provision of services and functions by ecosystems, for instance climate regulation.

Historically, economies in developed countries have been characterized by a high level of both abiotic and biotic natural resources consumption, including fossil resources used for energy, transport, materials, and chemicals production ([@bib60]). However, in a globalized world where population is expected to reach 9 billion people by 2050 and demand and competition for finite resources continue to increase, the sustainability of the existing production and consumption patterns is raising concerns both for environmental implications and in terms of security of resource supply ([@bib87]). On such a background, economies worldwide need to radically revise the current approach to production and consumption, improving the efficiency in resource use for both abiotic and biotic resources, in order to meet challenging objectives such those included in the Sustainable Development Goals ([@bib86]). As a response to the conventional fossil-based economic model, the transition towards a bio-based economy (bio-economy) has been put forward. Bio-economy refers to the economic activities relating to the production, use, and development of biological products and processes ([@bib65]), and it is specified as the sustainable production and efficient use of renewable biological resources proceeding from agriculture, forestry, fishery etc., and their subsequent conversion into value added products, such as food, feed, industrial materials and energy ([@bib24]). The concept has been already translated in action plans in different context. For example, some EU policies --such as the Biomass Action Plan ([@bib22]) and the Renewable Energy and Fuel Quality Directives ([@bib29], [@bib30])-- already promoted the bio-economy ([@bib23], [@bib24]).

The intrinsic renewability of biotic resources make them, theoretically, more available compared to finite resources. However, their supply could be considered critical as well, if the carrying capacity of the ecosystems responsible for their provision is overcome, namely when resources are extracted at a rate higher than their regeneration capability. In fact, renewable resources do not continue to grow indefinitely and they can be depleted beyond the point of renewability, for instance, when commercially valuable species are harvested to extinction. The assessment of the carrying capacity is a key element of environmental sustainability, crucially needed for sustainability assessment and for integrated assessment methodologies as life cycle assessment (LCA) ([@bib73], [@bib74]).

Notwithstanding it is often claimed that renewable biotic resources or bio-based products (i.e. products wholly or partly derived from biomass) represent the appropriate solution for a sustainable post-fossil carbon society, it is clear that "renewable" and "bio-based" are not necessarily synonymous with "sustainable". This may seem a paradox, but biotic resources could be as critical as fossils or abiotic ones, if the processes underpinning their renewability are affected beyond the ecosystem\'s carrying capacity or beyond the sustainability of the underpinning bio-geological cycles. For example, agriculture products could not be indefinitely produced without certain quality of soil, pollination service, an adequate amount of available water, etc. Moreover, bio-based products and energy may anyway imply a significant amount of embodied fossil-based energy ([@bib4]) for their production, as well as may be associated with direct and indirect land-use impacts. The nexus between the use of biotic and abiotic resources for competing uses (e.g. food, energy, materials) ([@bib50]) and the interplay between ecosystems and resources is still not fully explored. For example, several studies have already highlighted that large-scale cultivation of biomass for biofuel may affect global food security and natural ecosystem functioning (e.g. [@bib78]). From the material point of view, the criticality of biotic resources is increasingly recognized (e.g. from 2014, three biotic raw materials have been included in the list of European critical raw materials-rubber, pulpwood and sawn softwood- [@bib25]).

In this context, holistic methodologies such as LCA ([@bib48]) are necessary to ensure that different drivers of environmental impacts are simultaneously considered and burden shifting avoided. However, biotic resources have been barely considered within LCA and specific improvements are needed to better capture impacts related to biotic resource extraction and use. At the moment, in an LCA study, if a product is based on natural occurring biotic resources, the resources themselves are not accounted for the majority of the cases since elementary flows are mainly missing and no characterization of the resources is performed.

Firstly, the transition towards bio-economy requires more specificity in resource accounting. Statistics usually report data on biomass from harmonized statistical sources such as agricultural crop, forestry and fishery databases; however, at a high level of aggregation (e.g. wood) ([@bib31]). Besides, a comprehensive and robust model of impact assessment needs to be developed for natural biotic resources, to ensure the sustainable use thereof. In the last decades, several methodologies and indicators, including life cycle oriented approaches for biotic resource depletion, have been developed with different purposes. However, typical concerns for biotic resources, such as the large global capture of fish from wild fisheries and the overharvesting of natural wood resources, are not generally accounted in such methodologies. Moreover, within supply chain management, a robust characterization of biotic resources and a reliable set of indicators are actually missing in a framework of impact assessment. Therefore, additional investigations are necessary in order to cover the research gaps, by integrating biotic resources as an impact category within the Life Cycle Impact Assessment (LCIA).

This study is a methodological paper aiming at unveiling the challenges in biotic resources\' accounting and the limitations associated with the characterization step towards the inclusion of biotic resources within LCA. A model for the assessment of biotic resources is proposed, encompassing: i) a definition of system boundaries between ecosphere and technosphere, namely between naturally occurring and man-made resources; ii) a list of biotic resources focusing on commercially valuable resources coming from the wild (i.e. naturally occurring biotic resources - NOBR, e.g. wild animals, plants, etc.), as basis for building life cycle inventories; iii) an impact pathway and an impact assessment model and associated characterization factors (CFs) for ranking resources based on one key element of their sustainability: the renewability potential. The study, building on a solid review of literature and of available statistical data, highlights and discusses the critical aspects and paradoxes related to biotic resource inclusion in LCA: from the system boundaries definition up to the resource characterization.

The paper is organized as follows: section [2](#sec2){ref-type="sec"} focuses on the state of the art of the accounting and characterization of natural biotic resources in LCA; section [3](#sec3){ref-type="sec"} presents an overview of the methodological steps adopted in this study towards the inclusion of biotic resources in LCA, encompassing the system boundaries, the impact pathway, the biotic resources to be considered in the inventory and their characterization; in section [4](#sec4){ref-type="sec"} we present the results of the extensive literature review, discussing the role of natural biotic resources into the current LCA framework and the proposed indicators to characterize natural biotic resources; sections [4](#sec4){ref-type="sec"} presents the results and the discussion on the key aspects to be taken into considerations for improving the accounting and the impact assessment of natural biotic resources, proposing a new indicator for the characterization; finally, section [5](#sec5){ref-type="sec"} encloses the conclusions and suggestions for further research.

2. State of the art of the accounting and characterization of natural biotic resources in LCA {#sec2}
=============================================================================================

It is a shared issue that the extensive harvesting of biotic resources from the ecosphere, such as fish and wood, at a level above their respective renewal rates poses a pressure on their future availability ([@bib52], [@bib36], [@bib37]). However, a robust characterization and a reliable set of indicators are still missing in a framework of life cycle based impact assessment, and further research is necessary. In the last decades, several methodologies and indicators have been developed in order to take into account the environmental, social and economic relevance of natural biotic resources in a context of resource depletion:•Resource accounting-based methods, e.g. Material Flow Analysis (MFA) ([@bib46]), are mass-based accounting approaches seeking to quantify environmental pressures from resource consumption. They include exchanges of biotic material, such as biomass from agriculture, forestry and fishery, quantifying their use in terms of mass, without characterizing the intrinsic properties of each material.•Resource characterization-based methods, instead, relate resources to physical, chemical or biological factors that describe their relevant properties. Characterization is an essential component of many impact assessment frameworks. Among these approaches:◆Footprinting, e.g. ecological footprint ([@bib40]), developed to measure human pressures on bio-capacity of the Earth. Specifically, ecological footprint accounts for the flows of energy and matter, including biotic resources, to and from any economic system and converts them into the corresponding proportion of the Earth\'s bio-productive land or water areas required to supply resources to a particular human activity.◆Impact assessment-based methods, founded on the LCA, where biotic resources and their renewal rates have so far received relatively little regard ([@bib52]).

Despite many efforts, current LCA frameworks miss a specific focus on natural biotic resources. In fact, LCA inventories lack of a complete list of elementary flows for natural biotic resources ([Table 1](#tbl1){ref-type="table"}) as well as models for a comprehensive characterization. Hence, there is the need to cover this conceptual gap, overcoming the current limited coverage of biotic resources, especially with regards to some categories like top-soil, forest biomass and fish stocks which have relevance for the global economies ([@bib27]).Table 1List of natural biotic resources and their units currently included in one LCA inventory database, i.e. [@bib20].Table 1Resource name in Ecoinvent 3.3unitAnimal matterkgBiomasskgBiomass, feedstockMJCarbon, organic, in soil or biomass stockkgFish, unspecified, in seakgPeatkgWood (16.9 MJ/kg)kgWood and wood waste, 20.9 MJ per kg, oven dry basiskgWood and wood waste, 9.5 MJ per kgkgWood, dry matterkgWood, feedstockkgWood, hard, NE-NC, standingm^3^Wood, hard, standingm^3^Wood, primary forest, standingm^3^Wood, soft, INW, standingm^3^Wood, soft, NE-NC, standingm^3^Wood, soft, standingm^3^Wood, soft, US PNW, standing/m3m^3^Wood, soft, US SE, standing/m3m^3^Wood, unspecified, standing/kgkgWood, unspecified, standing/m3m^3^[^1]

The identification of the elementary flows needs a considerable effort in order to establish a harmonized and unified reference terminology within the inventories. Then, an inventory analysis based on mass accounting of the elementary flows referred to a product or service would not be enough to perform an impact assessment. Some specific aspects, like the ecological properties together with the geographical localization of the extraction of the resources, are fundamental in view of a complete analysis of natural resources. To date, there is no consensus on how to proper address the area of protection "Natural Resources" in LCA ([@bib18]). In the case of biotic resources, beyond no consensus on how to derive impact factors for assessing their depletion ([@bib52]), there are very few impact assessment models addressing the issue. This is principally due to the complexity of assessing the impacts, the need of further clarifying the boundaries between ecosphere and technosphere as well as the fact that characterizing a mass-based accounting is challenging in terms of suitable metrics for assessing impacts. Currently, a model for the characterization of biotic resources is not available within the International reference Life Cycle Data system (ILCD) recommendation for LCIA by the [@bib26]. Although impacts on habitats of biotic resources are assessed in the Area of Protection "Ecosystem Quality", damages to biotic resources related to depletion (such as overharvesting, overfishing and overhunting) remain not accounted within the ILCD recommended framework.

To date, the attempts made over time to include biotic resources in a life cycle framework use different models and indicators ([Table 2](#tbl2){ref-type="table"}).Table 2Natural biotic resource coverage according to the methods existing within current literature.Table 2ModelIndicatorUnitNatural Biotic ResourcesReferencesExergyCumulative Energy Extracted from the Natural EnvironmentMJex/unitwood[@bib17], [@bib1], [@bib83]EmergySolar Energy Factor (SEF)MJse/unitwood[@bib72]EPS 2000Environmental Load Units (ELU)ELU/kgwood, fish & meat[@bib81]BRD-fish (Biotic Resource Depletion)1/maximum sustainable yield (MSY) or\
1/current fish catches (Ct) \[to be applied in case of overexploitation\]yr/tFish[@bib56]LPY-fish (Lost Potential Yield)Lost Potential Yields (LPY)dimensionlessFish[@bib21]BIRDBiotic Resource Availability (BRA)dimensionlessTerrestrial biotic materials[@bib5]

The EPS 2000 ([@bib81]) is a damage oriented model, with the highest coverage of biotic resources, including fish, meat and wood. In the EPS system, Willingness to Pay (WTP) to avoid damages to natural resources\' availability is chosen as indicator for characterizing biotic resources in monetary terms.

Other models are based on thermodynamic features of resources. For example, exergy-based LCA models, such as [@bib17], [@bib1], [@bib83], aim at assessing the quality of resources depending on the amount of useful energy needed for producing them and that could be obtained from them. Besides, emergy-based LCA model ([@bib72]) aims at measuring the Solar Energy Demand (SED) associated with the extraction of resources, including both naturally occurring and man-made biotic ones.

Recent attempts seeking to develop a characterization model to assess human-related impacts on natural biotic resources within the LCIA framework come from the studies of [@bib56], [@bib21] and [@bib5].

[@bib56] proposed quantitative approaches to address overfishing at the midpoint level. In fact, the authors reviewed the use of the sea in LCA and developed a methodological framework, then implemented by [@bib44], to assess impacts of fish depletion at both species and ecosystem levels. The model of [@bib56] is based on the concept of biotic resource depletion for fish, which aims to characterize the current biomass uptake related to either the Maximum Sustainable Yield (MSY, based on fisheries science) or the current fish catches in case of overexploitation. This model, which provides characterization factors for 127 fish species, allows evaluating the environmental pressures on fisheries in a context where one third of global fish stocks is already overexploited. The study is the first attempt to assess impacts on the use of biotic resources taking into account ecological aspects such as the resource recovery capacity.

In parallel with the study of [@bib56], [@bib21] focused on the concept of Lost Potential Yield (LPY) for fish, proposing new characterization factors for 31 European fish species. The model aims at measuring and characterizing the current overexploitation of natural fish stocks, suggesting a midpoint indicator that allows identifying the impacts on the reduction of future fish supply.

[@bib5] propose the BIRD approach, inspired by the abiotic depletion potential ([@bib92]). The BIRD model focuses on terrestrial biotic resources, as the majority of the LCA models above-mentioned, and it measures the availability of biotic resources by using the BRA indicator (defined as availability to use ratio). In their proposal, the authors include considerations on the replenishment rate and the identification of a reference species. Differently from other models, in this approach, several aspects beyond the ecological constraints are taken into account (e.g. socio-economic aspects).

All in all, the applicability of these approaches is limited in the context of current LCA since elementary flows and life cycle inventory for terrestrial resources and fish are still missing.

For what concern wood, several of the above-mentioned models consider this material, which is included in the LCIA framework as an energy resource. Wood is one of the most versatile raw materials, employed in a variety of industrial processes and domestic uses ([@bib76]). It is generally taken into account as simple "wood", or just making a distinction between "hardwood" (i.e. wood stemming from broadleaves) and "softwood" (i.e. wood coming from coniferous), without addressing the species, the distribution around the globe, the original habitat (natural forests versus human-made plantations) or species vulnerability. When coming to the impact assessment, this lack of specificity in the accounting could generate an over- or under-estimation of the impacts which biotic resources are subject to, due to ecological features that may results in population dynamics of plants being more or less sensitive to human interventions. For instance, the impacts on biotic resources due to the extraction of wood from widespread oaks is likely to be different from the impact which may affect the extraction of wood from a threatened and endemic plant species growing in specific locations. The focus on the species, their distribution and their ecological status is fundamental in order to effectively assess the effects of extracting biotic resources and characterize them.

Regarding soil, the threats to soil as a biotic resource may be the result of a physical removal (e.g. erosion or physical loss due to building construction or other human interventions) or a detriment in its quality, meaning that the resource is not available anymore for a specific life-support function (e.g. due to salinization, compactation, etc). However, the variety of soils and their properties, their widespread distribution around the globe and the heterogeneity of pressure they undergo suggest the need of a comprehensive impact assessment scheme, which has not been standardized so far. In a recent review ([@bib93]), soil quality models for impact assessment were analyzed, highlighting that current models for soil related impacts are not yet able to comprehensively cover both the areas of protection "Ecosystem Quality" and "Natural Resources". An additional research by [@bib12] in which the authors reviewed the use of indicators and approaches to model biodiversity loss due to land/soil use within the LCA framework, outlined serious conceptual and methodological gaps to be covered in the way the soil related impacts are modeled for addressing biodiversity concerns.

Overall, human driven impacts on marine and most terrestrial biotic resources still remain unaccounted within current LCA framework since these models are not yet operational and no official guidelines exist for biotic impact assessment ([@bib21], [@bib95]).

3. Methodology {#sec3}
==============

Based on the state of the art, it is clear that several aspects are still missing for a complete inclusion of naturally occurring biotic resource in LCA. Hence, the focus of the study is the improvement of the LCA framework towards a better inclusion and assessment of biotic resources and their availability. For each methodological step, our study is grounded on a thorough review of existing literature and available statistical data. Information and data were collected and integrated into a larger database in order to classify and characterize naturally occurring biotic resources (NOBR).

The methodology of this study involved several steps:1.Illustration of the impact pathway (cause-effect chain) that links biotic resources with impact on the areas of protection "Natural Resources" and "Ecosystem Quality";2.Definition of the system boundaries, namely the criteria to identify which are the biotic resources that should be addressed by the resource accounting and impact modeling;3.Collection of available data on naturally occurring biotic resources for providing a list of biotic resources. This list could be used for building elementary flows to be used in future life cycle inventories.4.Proposal of an indicator based on renewability to characterize and rank biotic resources, based on an extensive review of literature in the ecology domain.

3.1. The impact pathway associated to biotic resources {#sec3.1}
------------------------------------------------------

Life cycle impact assessment models are built to characterize the impacts on the environment due to emissions or resource uses. Hence, the first step is the illustration of the impact pathway, in terms of the potential cause-effect chain along which human interventions may generate impacts. In principle, the overexploitation of biotic resources may be associated with two different areas of protection ([Fig. 1](#fig1){ref-type="fig"}). On one hand, using resources beyond their carrying capacity may be detrimental for the future supply of resources for human needs, leading to an impact on the area of protection "Natural Resources". On the other hand, the overexploitation may imply consequences on the area of protection "Ecosystem Quality", namely when the use is associated with a direct biodiversity loss (the extinction of those species which are used as a biotic resource, e.g. a fish species used as food) or an indirect biodiversity loss (the reduction of biotic resources which leads to an impact on e.g. a trophic chain). Several threats to biodiversity have been associated to the use of naturally occurring resources (e.g. in [@bib58], focusing on impacts due to trade). In this paper, biotic resources are addressed limiting the focus on their role in supporting human activities, i.e. as input material in the socio-economic system, and not for their contribution to ecosystem quality and functioning (which would fall into the area of protection "Ecosystem Quality").Fig. 1Cause-effect chain outlining the scope of the paper about the accounting of biotic resources and the characterization of their availability. PDF = Potentially Disappeared Fraction of species.Fig. 1

3.2. The definition of the biotic resources to be assessed {#sec3.2}
----------------------------------------------------------

In LCA, the impacts associated to natural resources produced by human interventions are usually captured assessing the environmental profile of the processes underpinning their production (e.g. cultivation), whereas the impacts linked with naturally occurring biotic ones are usually barely covered in life cycle inventories. Although the processes for their extraction from biosphere are accounted (e.g. emission due to harvesting of woods), the impacts of their extraction are neither characterized in the area of protection "Natural Resources" nor in the "Ecosystem Quality".

According to the approach proposed by [@bib1], we then provided the clarification of the system boundary. We thus identified and set the boundary between ecosphere and technosphere when coming to define what natural biotic resources are, i.e. when dealing with biotic resources extracted from natural environment and used by humans ("A - Naturally occurring biotic resources" in [Fig. 2](#fig2){ref-type="fig"}) versus biotic resources produced by human interventions such as crops from agriculture (B). The B box in the figure refers to the fact that crops, which are the result of human interventions in the technosphere, require natural inputs from ecosphere and the boundary is often difficult to be defined in agricultural systems compared to industrial systems.Fig. 2System boundary for natural biotic resources, that are distinct in those naturally occurring (A) and those resulting from human interventions (B). Adapted from the approach developed by [@bib1].Fig. 2

In the present study, we focus on naturally occurring biotic resources, i.e. (A), those commercially valuable resources proceeding from biological sources (i.e. plants, animals and other organisms) that are caught or harvested from ecosphere as input material for human purposes like wild feed and food, wood and other products from natural forests, etc. Natural organic topsoil has been included into our analysis, since it is one of the critical underpinning renewable resource (in the ecosphere) that sustain the production of crops (in the technosphere).

3.3. Towards building an inventory of natural occurring biotic resources (NOBR) {#sec3.3}
-------------------------------------------------------------------------------

The first step -for including naturally occurring biotic resources in the LCA framework- is the identification of which biotic resources should be accounted for. In order to build a list of the resources commercially valuable, proceeding from biological sources (i.e. plants, animals and other organisms) that are caught or harvested from ecosphere as input material for human purposes, we consulted specific reports and databases, such as, just to name a few, FAO databases for forestry and fishery statistics ([@bib34], [@bib35]), Artemis-face database from the European Federation of Hunters for game hunting information ([@bib32]) and the International Union for Conservation of Nature (IUCN) red list of threatened species ([@bib49]). Thus, by collecting and combining data from different sources, we identified and integrated a list of NOBR in a database, excluding those proceeding from agriculture, aquaculture and livestock, since they depend on human interventions. This list could be the basis for a list of elementary flows to be used in life cycle inventories. Moreover, we sought for data on the availability, use, and consumption of biotic resources to understand how these are distributed and shared within the markets at different scales, both local and global. The data on availability and consumption have been collected to demonstrate that the resource is used somewhere in the economy, so is a resource used by humans. This step is fundamental to identify the biotic resources currently used and, hence, for which of them data may be available, in future, for populating life cycle inventories.

3.4. Life cycle impact assessment indicator for biotic resources based on renewability {#sec3.4}
--------------------------------------------------------------------------------------

As mentioned earlier, in this study we aim at identifying an indicator to be used for the impact assessment of naturally occurring biotic resources. The indicator should increase comprehensiveness and ecological relevance in assessing biotic resources, beyond the state of the art (section [2](#sec2){ref-type="sec"}). Since the scope is to rank the resources based on the likelihood of a reduction in their availability, we propose an indicator for biotic resources based on the renewability rate. Renewability rate of natural biotic resources is a key ecological concept that could be adopted as a basis to identify the ecological and environmental features of the analyzed biotic resources, thus to characterize them. This indicator could be considered a midpoint indicator that could be further complemented with indicators of e.g. carrying capacity, availability-to-use ratios or species vulnerability, towards endpoint modeling either in the related area of protection "Natural Resources" or "Ecosystem Quality".

Renewability is one of the basis for assessing the potential reduction in the future availability of biotic resources, assuming that resources with longer renewability rate may be more exposed to a wide range of pressures ultimately undermining their provision. Therefore, we referred to the renewability and regeneration time, which represent key elements assessed in ecology, specifically, in population dynamics, as a potential proxy indicator for the capability of a species to grow and regenerate over time. The literature on population dynamics is vast; however, systematized information on renewability and regeneration time for species with a commercial value was not available (to the knowledge of the authors). On this basis, we conducted a systematic review of the literature, initially searching the ISI Web of Science database, which provides access to peer-reviewed studies, in order to have a preliminary understand about the spread and the actuality of this issue. The criteria for this search are reported in the supplementary material ([Table S1](#appsec1){ref-type="sec"}), along with all the literature consulted.

Conforming to the increasingly widespread cross-interest in the concept of renewability and resilience ([@bib13]), we set up a "renewability-based" database. Through a detailed search of all types of published literature and using a snowball search, we identified relevant references to point out potential reliable indicators for biotic resources. To carry out our refined search, we started identifying key terminology related to renewability and regeneration, such as: renewal time, regeneration period, growth rates, recovery time, restoration time, and similar others. Those terms were selected according to the terminology predominantly used in the ecological domain. As an example, we combined in a concatenated string of words either the common or the scientific name of biotic resources (e.g. "sturgeon\*" or "*Acipenser oxyrinchus*"), or even categories of them, like "marine fish" and key words such as those presented above, using the Boolean command AND. We queried online bibliographic databases such as Google Scholar, SCOPUS, Web of Science and the libraries of specific journals like Global Ecology and Conservation. To improve the results, we refined the investigation focusing on a reduced sample of species, namely the most valuable species from the commercial point of view (i.e. the most commercialized globally or locally) and the most representative from the conservation point of view, which means the most threatened by the risk of extinction. Therefore, we searched for studies focusing on single species. In the case of both terrestrial and marine fauna, we were interested in the features of the population dynamics. Thus, we adopted terms of search like "population doubling time" (or simply "doubling time"), "doubled population" or "population life cycle"; while for plants, we used silviculture terms such as "rotation period", "reproduction time" or "regeneration period", in combination with the common or specific name.

The outputs included different types of scientific literature, predominantly reports on conservation and management of species and ecological studies. However, the overwhelming majority of the selected papers proceeded from grey literature and reports from international organizations. The publication years of the whole research ranged from the 1970\'s to date.

Finally, we created a database (see [Table S2](#appsec1){ref-type="sec"} and [Table S3](#appsec1){ref-type="sec"}) to collect the list of naturally occurring biotic resources and their related ecological characteristics in order to analyze and discuss the pattern of distribution and renewability of biotic resources and eventually estimate the characterization factor to be used within the LCIA phase. In particular, the recorded information include living organism category, commercial group, common species name, scientific species name, family name, distribution (local or global) and habitat, the vulnerability score according to IUCN criteria where available, renewability indicator type and its quantification.

4. Results and discussion for the inclusion of natural occurring biotic resources in LCA {#sec4}
========================================================================================

According to the steps illustrated in section [3](#sec3){ref-type="sec"}, our proposal for the inclusion of naturally occurring biotic resources in the LCA framework and their characterization builds on the following results:•the identification of natural occurring biotic resources and the population of a database of commercial valuable naturally occurring biotic resources, reporting their renewability rates.•the proposal of a renewability based indicator for biotic resource characterization, built from a review of available information on resources renewability and regeneration time.

For all the sections, data are available as supplementary material to this paper.

4.1. Natural occurring biotic resources with a commercial value: classification of the resources and data availability {#sec4.1}
----------------------------------------------------------------------------------------------------------------------

Based on the review of literature and available statistical data, naturally occurring biotic resources have been classified in the following major categories, according to their taxonomic level: aquatic and terrestrial vertebrates, aquatic and terrestrial invertebrates, terrestrial plants, aquatic plants and algae, fungi, aquatic and terrestrial animal products, terrestrial plant products ([Table S3](#appsec1){ref-type="sec"}, including figures on availability, use, consumptions and references). As mentioned above, we included soil as well.

According to our analysis, naturally occurring biotic resources are most commonly used as material input in a broad array of industrial sectors, ranging from food to chemical and pharmaceutical sectors, up to production of e.g. furniture. Together with their derived products, they are generally used as commercial goods marketed at global level, in terms of food and feeding, as source of energy, in the cosmetics, as medicines and for the production of other accessories in different branches of the industrial sector (e.g. natural pearls, natural latex). Several natural biotic resources, such as wild plants, are used in local communities, especially in the developing countries, as dyes, poisons, shelter, fibers and in religious and cultural ceremonies ([@bib45]).

It is worth noting that, even though naturally occurring biotic resources are spread around the world and the overwhelming majority of them are commercially used on a global scale, so far a complete list was missing within the available literature. An important attempt was made by [@bib75], who synthesized and mapped the ecosystem service called "wild food", quantifying the supply of terrestrial edible species (i.e. game, mushrooms and vascular plants) across Europe. Gathering a broad list of around 150 species based primarily on their commercial use allows us to start connecting natural biotic resources to elementary flows within the LCA framework.

The literature search showed that, recently, the issue related to the stock of natural biotic capital and its renewability has become central in the ongoing discourse about resource depletion within the scientific circle ([Fig. S1](#appsec1){ref-type="sec"}).

In spite of the recognized role of naturally occurring biotic resources in human daily life, accurate data on their availability and renewability rate were difficult to gather in the scientific literature. On one hand, this may occurr because most countries, especially the developing ones, have less or no official supervision on the volume of biotic material harvested from the wild and quantities collected are scarcely inventoried. On the other hand, it is often difficult to distinguish between wild and cultivated resources, especially in the case of wild plants, as such primarily wild-collected products are often sold as cultivated ([@bib54]). Some information exists on a reduced number of natural biotic products; however, the available data are extremely variable in coverage and reliability. In fact, the majority of retrieved data were scattered among reports and databases proceeding from different sources, disciplines and institutions, reporting information limited to some specific locations.

The availability of data on biotic resources is generally linked to: i) their use as material input in the industrial sectors of developed countries; ii) their consumption as food; or, iii) to the vulnerable state of their populations ([@bib49]). In most cases, statistics are provided by national authorities. However, figures are often incomplete due to the considerable variation in the consumption patterns among continents, countries and communities. On the other hand, this type of information is predominantly related to biotic resources linked to human interventions such as those products of agriculture, aquaculture, livestock or to the re-introduction following conservation action plans.

We found predominantly data on resource availability related to few groups of organisms, especially the most commercialized animals such as targeted marine fish species (see [@bib34]) and game mammals and birds, since they are likely the most easily captured and consumed natural products all over the globe. Moreover, the overexploitation and the potential subsequent collapse of marine and freshwater fish populations is a well-known issue that may affect populations up to not being available in the future ([@bib47]). Results of the review and data gathering are reported in the supplementary material ([Table S3](#appsec1){ref-type="sec"}).

Wild plants, particularly those used in rural communities, and wild mushrooms tend to receive less recognition. Data on their availability are general scarce and rarely published in literature since their collection and consumption are at subsistence level and no legislative and policy support for wild harvesting procedures is arranged. [@bib6] started covering the gap in the substantial lack of knowledge related to the amount and use of hardwood in a reduced number of world regions. However, overall there are no precise global figures available on the total volume of wild-collected natural resources and on their spatio-temporal patterns in the global market. Furthermore, understanding the magnitude of illegal logging and hunting, which represent a serious problem for biotic resources all over the world, is not immediate. Although many non-governmental organizations (NGOs) and other institutions such as UNEP have so far collected information about these activities ([@bib88]), comprehensive country-specific statistics on illegal forest logging and wildlife hunting are difficult to quantify and use in an LCA perspective due to their fragmentary nature. Generally, indirect methods are adopted for these estimations, mainly focused on illegal international trade for commercial use ([@bib51]). Nevertheless, the loss of biotic resources is measured in terms of percentage of logging activity (as reported by [@bib51]), or in million cubic metres roundwood equivalent (RWE) volume (according to [@bib97]) or, referring to illegal trade in wildlife, in terms of dollars annually (according to [@bib63]). These values are not equivalent, thus making difficult to combine and compare the available data. Moreover, in the case of monetary measurement, they are not properly representative of biotic resource depletion since they do not account for either the availability or the renewability rate of resources.

4.2. A renewability-based indicator for characterizing biotic resources in LCIA {#sec4.2}
-------------------------------------------------------------------------------

The current available approaches to biotic resource characterization are relatively limited for what concern the ecological relevance of the approach. Hence, in order to identify suitable characterization factors for natural biotic resources to be employed within the LCIA framework, a better understanding of the effects of human interventions on the availability of biotic resources is needed. The indicator that we are proposing is an attempt to fill the ecological gap focusing on renewability of natural resources. Two steps were followed to define the indicator:•a literature review on renewability rate and regeneration time•the calculation of characterization factors based on renewability.

### 4.2.1. Renewability rate and regeneration time of biotic resources {#sec4.2.1}

Information related to renewability or recovery rate (see [Table S3](#appsec1){ref-type="sec"}) was found to be species specific, and in many cases population specific, depending on the magnitude of the environmental or human stressors they are subject to. This aspect may represent a limitation when coming to gather data, since a huge amount of data (e.g. population growth, spatial distribution of the species, etc.) should be taken for describing the depletion of a biotic resource\'s stock, thus restraining the possibility of elaborating a model for characterizing natural biotic resources.

The ecological data on fish species were represented by the renewability rate of species, called "resilience" within the Fishbase dataset ([@bib33]), a global information system about fishes which gathers information provided by different professionals such as research scientists, fisheries managers and zoologists. The indicator used is the "population doubling time" (i.e. the amount of time it takes for a population to double in size or value at a constant growth rate), an indicative measure of renewability that can make possible the comparison with other animal species in order to elaborate physical indicators and models for the impact assessment within the LCIA framework. Data on the renewability rate within the population dynamics domain are available for several species, but just in particular context and just in few cases it is possible to generalize the data to a global or national level as it is necessary in LCA, being the studies very context-dependent. Furthermore, although changes in population size following medium-long term pressures have been measured for several species in terms of percentage of increase or decrease over time (e.g. elephants, see [@bib67], [@bib68]), population- or species-specific indicators based on renewal time and their estimations were not available as a systematic list to be used for our purposes.

Given the differences in population dynamics and modeling thereof, there is not an equivalent renewability measure or indicator on species others than fish, thus making the comparison between species problematic. Among the indicators about species renewability, the most suitable in the view of falling into the LCIA scheme were the following: a) "biomass at maximum sustainable yield (MSY)" ([@bib66]), mainly applied to fish stocks, which is considered as the largest yield (in tons) that can be caught from a specific fish stock over an indefinite period of time under constant environmental conditions; b) recovery of population size, to be considered as the time needed to a population to return to its pristine conditions following a decline.

MSY has been heavily criticized for both practical and theoretical reasons, namely: (i) a general lack of reliability of data to make a clear determination of the population size and growth rate; (ii) missing the fact that populations undergo natural fluctuations in abundance and would become severely depleted under a constant-catch strategy; (iii) the tendency to ignore the broad variety of aspects of population structure, such as age classes and their differential rates of growth, survival and reproduction ([@bib85]).

Data on renewability time of natural forests and other commercial plants from natural habitats were difficult to gather as well. In fact, it was complicated to distinguish between data proceeding from plantations or from natural forest management, especially in the case of tropical forests harvested for hardwood, fruit and latex. On this basis, we identified those species or categories of products that may come not only from natural forests, but also from cultivation (i.e. cork from the bark of the cork oak, etc.).

Generally, the rotation period (defined as the period between regeneration establishment and final cutting ([@bib79])) and natural regeneration or reproduction period (i.e. the time between the initial regeneration cutting and the successful reestablishment of a new age class by natural means, planting or direct seeding ([@bib79])) are reported. However, these parameters vary depending on altitude and soil fertility and, in forest management, regeneration time can be set depending on current market demand, thus generating a sort of human-dependency which overcomes the natural life cycle and recovery of resources.

Ideally, the characterization should encompass all biotic resources. Comparisons between impacts across geographic areas, ecosystems and temporal scales (e.g. [Fig. 3](#fig3){ref-type="fig"}) would be possible with a standardization of indicators. Considering renewability of biotic resources would allow adding a temporal element to resource depletion, as [@bib11] already underlined, and would help generate reliable characterization factors accounting for the sustainable use of natural biotic resources. However, there is still need of systematizing the species renewability concept ([@bib95]).Fig. 3Renewability rate of several naturally occurring biotic resources, expressed in Log (years).Fig. 3

### 4.2.2. Renewability-based model and associated characterization factors {#sec4.2.2}

According to our literature review, we identified a number of renewability indicators (see [Fig. 3](#fig3){ref-type="fig"}) to be potentially adopted in the calculation of characterization factors. It was difficult to find homogeneous renewability indicators for all biotic resources, except for fish and few other animals and plants. Therefore, by capitalizing on the available indicators and data, we selected two indicators, i.e. population doubling time for wildlife and rotation period for plants to be used as a practical example since, so far, they represent the best quantitative proxy of the key feature affecting resource availability potentials.

When a single value was not available, we calculated CFs (reported in [Table 3](#tbl3){ref-type="table"}) as arithmetic mean between the maximum and the minimum value of the renewal time range proposed in the retrieved literature. In several cases (e.g. brown trout; Atlantic sturgeon), due to the lack of a properly defined range of time, we used the maximum or minimum presented value as absolute average value for the calculation of CFs. In order to multiply each CF by the related elementary flow, the CF unit of measurement are in terms of years/kg and are to be multiplied by elementary flows expressed in terms of mass.Table 3Examples of Characterization Factors (CFs) for NOBRri based on the mean of renewal time ranges, expressed in terms of "population doubling time" (D) and "rotation period" (R) for the most commercially valuable species. The list is presented according to the alphabetical order of commercial groups within each system (aquatic animals; terrestrial animals; terrestrial plants). Chromatic scale for CFs ranges from dark grey (lowest renewability rate) to light grey (highest renewability rate).Table 3References: (1) [@bib2]; (2) [@bib33]; (3) [@bib49]; (4) [@bib69]; (5) [@bib90]; (6) [@bib39]; (7) [@bib62]; (8) [@bib8]; (9) [@bib77]; (10) [@bib96]; (11) [@bib82]; (12) [@bib3]; (13) [@bib15]; (14) [@bib9]; (15) [@bib42]; (16) [@bib89]; (17) [@bib14]; (18) [@bib57]; (19) [@bib84]; (20) [@bib80]; (21) [@bib94]; (22) [@bib53]; (23) [@bib16]; (24) [@bib19]; (25) [@bib71]; (26) [@bib7]; (30) [@bib38]; (27) [@bib64]; (28) [@bib55]; (29) [@bib91]; (30) [@bib38]; (31) [@bib61].

The resulting indicator is called NOBRri, namely Naturally Occurring Biotic Resource renewability indicator.

The evaluation of the renewal time is only one feature related to the concept of ecosystems\' carrying capacity. However, it allows characterizing natural resources with an indication of the potential time-related constraints associated with their provision, ranking e.g. different species inside a kingdom. However, it is worth noting that the resulting CFs could be used at this stage for hotspots analysis only, when comparing biotic resources coming from different kingdoms (e.g. plant and animals). The hotspots would help identify resources which are longer available to be used by humans. However, among different kingdoms, CFs are not fully comparable, considering that they quantify different ecological aspects for the mentioned naturally occurring biotic resources. Indeed, this limitation is dictated by several aspects: (i) the fact that there is no functionally comparability between the aquatic and terrestrial systems since resources are principally affected by different factors (e.g. removal from the original stock vs land use changes, respectively); and (ii) the fact that natural biotic resources we considered, such as animals and plants, are taxonomically distant. The concept of renewability for a plant species may not match with the renewability for an animal species. This happens because the calculation of their renewability is based on different ecosystemic aspects. However, they all may share the same unit of measurement, i.e. the renewal time in years/kg. A similar case within the LCA framework exists for the category "Human Toxicity -- non cancer", where disparate diseases having independent intrinsic characteristics are listed and characterized with the same unit of measurement. On this basis, and considering the missing of accounting of spatial aspects in CFs when coming to measure the renewability of biotic resources\' stocks, it results necessary to deepen the research for a common indicator, which could measure a consistent and coherent aspect of renewability.

5. A research agenda for improving accounting and characterization of naturally occurring biotic resources {#sec5}
==========================================================================================================

Several steps are to be considered in order to cover the conceptual and methodological gaps in the accounting and the impact assessment of natural biotic resources within the LCA framework. Characterization -aiming at covering the "Natural Resource" area of protection- should be focused on measuring potential constraints to the availability of resources, ensuring a sustainable harvesting. We analyzed the issue of natural biotic resources focusing on elements that may interfere with the natural process of providing biomass. Consideration on how those interventions may lead to a depletion is based on the potential of being renewed in a relatively short time frame. On this basis, renewal or regeneration time may be adopted as a proxy, taking into consideration the current level of resource stocks. In fact, the scarcity aspect, related to current level of consumption versus availability, requires further methodological steps to be developed. Our choice of adopting the renewal time (or similar indicator) as a measure for characterizing biotic resources is a preliminary attempt to characterize possible drivers of depletion towards the more complex concept of scarcity.

A number of research gaps need to be covered by future research, as reported hereinafter.•**Completeness of the inventory**. Several issues are related to this aspect.. First of all, elementary flows and inventories for biotic resources are very limited in number. In order to develop future inventories for LCA studies, elementary flows related to commercially valuable and natural occurring biotic resources (i.e. resources that represent an input material in supply chains) should be developed. Moreover, information and metadata on elementary flows should be included and better defined (e.g. how to describe the resources, whether in terms of gross or net material, wet or dry weight). For example, details about the usable volumes such as the carcass weight are needed (e.g. eating 1 kg of fish requires a certain fraction of the entire fish body). Another important issue to overcome is that information is sometimes provided for commercial groups (e.g. tunas) and not for specific species. This lack of specificity may hamper the impact assessment of the biotic resource as different species within the same group may have ecologically different traits. Generally, the terminology still needs to be defined, harmonized and standardized, in order to differentiate between naturally occurring biotic resources and farmed/cultivated ones. In fact, it is necessary to identify the origin of the resources. Of course, the risk of assessing the same input material in two ways (as coming from ecosphere directly or as results of a production system) is something to be discussed and solved.•**Comparability with biotic resources from the technosphere (e.g. from agriculture and livestock).** Currently, resources that derive from processes along a supply chain (resource as a product) are not characterized and, when they enter a new supply chain, their use does not generate any impact on the category \"resource depletion\". On the other hand, a similar type of resource taken from nature (resource as an input from ecosphere) could be hypothetically characterized as done for abiotic resources from the ecosphere, and their impacts on resource depletion category will have a certain value different from zero. Research should go towards the direction of defining how to treat these apparently different resources. A key element is related to how soil is modeled for the cultivation of biotic resources. In fact, the biotic resource to be protected in agricultural production is the soil, which underpins the production and not the produced biomass (e.g. the crop).•**Boundary between ecosphere and technosphere.** Based on the current way adopted to assess and quantify the impact, i.e. as a transition of materials and energy from the ecosphere to the technosphere, we may face with some issues for biotic resources that need particular attention. For instance, this may be the case of the breeding, restocking and reintroduction of wild animals. In fact, it remains unclear if, in this case, resources taken from a reintroduced population are to be considered as proceeding from the ecosphere or as a product deriving from human intervention, therefore belonging to the technosphere. This issue can occur also in the case of forestry management, especially for short rotation. Hence, it becomes fundamental to identify and set the boundary between ecosphere and technosphere when coming to define natural biotic resources.•**Overlaps between assessments of impacts associated with resource depletion and land use.** According to our goal, i.e. the focus on resource availability and not on ecosystem quality per se, double counting of impacts is, in principle, avoided as the land use related impacts are focusing on different impact mechanisms. However, both land use change when exploiting a resource and the overexploitation itself may lead to biodiversity impacts. Moreover, there are several naturally occurring biotic resources which are not related to a land use occupation or transformation (e.g. fishing) or others which are used in concomitance with other land uses (e.g. harvesting herbs in forest for pharmaceutical uses may be barely related with "forest occupation" as we usually address it in LCA -- using the forest for exploiting wood).•**Paradoxes.** While certain biotic resources are affected by the removal from their available stock (e.g. fish stocks), other resources (such as some terrestrial animals) may suffer the most for the loss of habitat, which is actually associated with impacts from land-use category rather than properly resource removal and consequent stock depletion. The CFs that we proposed are based on the same criteria of depletion both for aquatic and terrestrial systems. However, substantial differences between the two environments exist, that are not negligible.•**Alien and invasive species.** Within the database, we included a specific focus on environmental aspects about alien and invasive species. We felt that considering the alienness and invasiveness of species might be a key element to approach life cycle of biotic resources and their impact assessment. In fact, alien and invasive species may represent a threat to the availability and renewability of the most marketable existing species worldwide. For instance, *Oreochromis* spp. (i.e. *O. mossabicus* and *O. niloticus*), which are addressed as invasive species ([@bib41]), are exerting significant pressures on water ecosystems because of their aggressiveness, high fecundity rate and resistance to poor water quality and infectious diseases. Therefore, the likelihood of their occurrence and the potential effects on native species should be considered carefully in a framework of impact assessment.•**Spatial and temporal dimensions.** Compiling the database ([Table S3](#appsec1){ref-type="sec"}) allowed us to outline the temporal and spatial issues associated with commercial wild annual species, especially when coming to plants. In this case, the differences in the temporal scales between technosphere and ecosphere are evident. Technosphere processes, which are analyzed by an LCA study, act on a static anthropocentric equilibrium without taking into account the interactions with the ecosystem; whereas ecosphere processes follow a dynamic equilibrium (i.e. in constant change) ([@bib10]). *Matricaria chamomilla* (common name: chamomile) can be presented as a tangible example of the temporal and spatial paradoxes which involve natural biotic resources in LCA. This wild species is a naturally occurring annual herb, generally harvested for its medicinal properties. Its growth and availability depends on its interactions with the ecosystem, in particular with soil and nutrients, and with its vulnerability to natural disasters like fires and pests. Therefore, any change in ecosystem quality, soil components and nutrient cycle may generate variations on annual availability and physico-chemical properties of chamomile ([@bib43]). This evolving status of nature, which is not currently taken into account in the LCA-based "static" system, should be considered in future modeling.•**Spatial definition of CFs.** The pressures exerted by human interventions on biotic resources may depend on their localization in space. Particularly, the availability of biotic resources may depend on a combination of factors, among others the magnitude of human pressures (e.g. the rate of harvesting) and the geographic area where the resources are localized. For instance, the same species may react in different ways to impacts of the same magnitude but localized in different geographical areas, due to the size of the biotic resource stock and their stability. Therefore, when dealing with the proposal of CFs for biotic resources, it becomes important to account for the location specificity of impacts.•**Non-linearity of impacts.** Populations undergo natural fluctuations in abundance and would become severely depleted (ultimately leading to local extinctions) under a constant-catch strategy. In fact, it becomes an issue including such a non-linear growth rate in the LCA system, which presumes the linearity of production scale and of environmental impacts. Therefore, it should be important taking into consideration the current level of consumption versus availability.•**Ecological features.** According to the pressures put by human interventions, an additional step that should be taken into account is related to the importance of considering the ecological conservation status of species. On this basis, the CFs values proposed could be then weighted by considering the vulnerability of the species, for example according to the IUCN red list values ([@bib49]). In fact, renewability is just one of the elements affecting availability of resources; other ecological features such as resistance, resilience, vulnerability, etc. may play a role and should be taken into consideration in order to avoid compromising the natural system.•**Globalization and international trade.** In a globalized economy, where imports and exports represent the ordinary way of sharing products and services, another important step to be overcome to devise a valid pathway for characterizing impacts on natural biotic resources is to understand to what extent the trade of products on a global scale generates impacts on natural biotic resources. Global trade has been addressed as a potential source of biodiversity threats by several studies ([@bib58]) and impacts on the environment associated to globalized supply chains are generally known; however the impact on species extracted as resources (e.g. to what extent a forest is affected by the removal of a plant for extracting wood) and the impact on species that are secondarily put at risk as a consequence of another resource extraction (e.g. to what extent a populations of forest birds are affected by the extraction of a tree for wood) are not clear nor quantified. Moreover, it is important to understand this aspect in order to incorporate these details in the LCA of products and services in view of a sustainable and equitable economy at global level.

6. Conclusions {#sec6}
==============

Human population derives many essential goods from natural ecosystems, including seafood, game animals, wood, herbs for domestic and industrial processes, cosmetics and pharmaceutical products. These goods represent a fundamental part of the global economy and an important life-support for human societies. In a world where growing population is consuming natural resources at an unprecedented scale and pace, it is clear that there is the need to go towards the direction of a sustainable development according to the Sustainable Development Goals ([@bib86]). European policies promote the efficient use of resources and set the need to manage natural biotic resources in order to ensure sustainable production, distribution and consumption of biomass. In light of this, a more specific accounting of natural biotic resources, in particular those naturally occurring in the ecosphere, is necessary to be improved. In fact, the impacts associated with these resources are barely covered in life cycle inventories, also due to the urgent need of clarifying the boundaries between ecosphere and technosphere in LCA. Besides, a consistent and robust impact assessment scheme, which evaluates how much our market demands influence and endanger the availability of natural resources, needs to be developed.

In this study, we reached the target of improving the inventory of naturally occurring biotic resources, by identifying and listing the most commercially valuable species, which could be entered as elementary flows in LCA inventories. Terminology still needs to be defined, harmonized and standardized and the list needs to be evidently implemented with additional information, such as those about usable volume. We acknowledge that it is unrealistic to develop a fully comprehensive list of resources; however, consultations with experts are crucial in order to build a reliable database.

Additional research is needed in order to overcome the issue related to the heterogeneity of indicators, and to address their feasibility in describing the impacts on resource availability within the LCA context. For example, future efforts should be made in order to understand how to deal with resources of different nature (such as plants versus animals).

In this study, through the proposal of the new indicator based on renewability, i.e. NOBRri, we identified the notable potential of using renewability time as a basis for calculating the characterization factors for biotic resources and their depletion. Undoubtedly, more research is needed in this field and the collaboration between different disciplines (e.g. ecology, engineering, etc.) is required in order to make progress towards an impact assessment model and framework fully implementable in LCA.

In our opinion, this work could be the basis for a coherent framework for improving the modeling of biotic resource in life cycle assessment, a step needed to ensure that the methodology comprehensively accounts for crucial elements of environmental sustainability.

Appendix A. Supplementary data {#appsec1}
==============================
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[^1]: NE-NC: Northeast North Central; INW: Inland West; US PNW: United States Pacific Northwest; US SE: United States Southeast.
